The objectives of this study were to investigate effectiveness of the Compressed Air Jet (CAJ) System for cleaning up shorelines contaminated with crude oils and to examine effects of the system on total petroleum hydrocarbon (TPH) removal and microbial community changes before and after remediation of the oil-contaminated shorelines. These data will lead to better understanding of optimized remediation process. About 66% of TPH reduction was observed when the contaminated site was treated with the CAJ System 2, 3, 4, and 5 times. This treatment system was more efficient than the seawater pumping system under similar treatment conditions (by 40%). By the way, little oil degrader communities were observed despite a potential function of the air jet system to stimulate aerobic oil degraders. The apparent low population density of the oil degraders might be as a result of low concentration of TPH as a carbon source and limiting nutrients such as nitrogen and phosphorus. It was proposed that the CAJ System would contribute significantly to removal of residual oils on the shorelines in combination with addition of these limiting nutrients.
The industrial development accompanied by population increase caused rapid consumption of oils. As a result, history observed many oil spill accidents at various levels. In 2007 one of the worst oil spill accidents in Korea happened due to a broken oil tanker, Hebey Spirit, off Taeahn coast, being recorded as one of the biggest international oil spill accidents. Oil spilled in the marine environment typically causes both immediate and long-term environmental damage (Bejarano and Michel, 2010) . Once oil is spilled by broken tankers, pipelines or offshore oil rigs, it usually drifts into the shorelines and massively contaminates them and then goes through physicochemical and biological dispersion or degradation (Seo and Song, 1994; Koh et al., 1998) . While low molecular weight and volatile compounds are dissipated, the residual oil (usually Bunker C oil and asphaltenes, etc.) then can sorb to mudflat, sand, gravel or rock, where they become more difficult to be removed. The oil sorbents and chemical surfactants for oil washing and dispersion have been used to clean up oil spills on the shorelines but they are costly and causing toxicities in the ecosystem (Seo and Song, 1994) . Various bioremediation technologies have been effectively used to circumvent these problems (Altas, 1981; Altas and Bartha, 1992; Zhang and Miller, 1994; De Acevedo and McInnerney, 1996; Choi et al., 1997; Roenberg and Ron, 1997; Sprocati et al., 2012) but these are rather time consuming and selective. Several factors which affect the rate at which indigenous or bioaugmented microbes function in affected sites have been discussed (Fernández-Luqueño et al., 2011) . In this study an alternative clean up system has been developed to meet a rapid removal of high contaminated oil from various substrates such as sediments, gravels, and rocks as well as to provide air to the polluted environment. The Compressed Air-Jet (CAJ) System developed by JH Green, Inc. (Korea) can easily reach, separate and remove spilled oils clinging to rock and grain of sand. The CAJ System generates high pressure bubbles and makes the air bubbles collide one another in aqueous environment to form micro air bubbles ultimately used to effectively separate contaminated materials from the sorbed phase. The micro air bubbles float the precipitated oils, and floated oils can be easily removed by absorbing cloths. The CAJ System is economical, eco-friendly remediation technology, and could be effective for the subsequent bioremediation compared to conventional methods. The objectives of this study were to investigate effectiveness of the CAJ System for cleaning up shorelines contaminated with crude oils and to examine effects of the system on total petroleum hydrocarbon (TPH) removal and microbial community patterns in oil-contaminated shorelines.
Materials and Methods

On-site test of the CAJ System
A field demonstration of the remediation was accomplished under the experimental conditions shown in Table 1 . The remediation process using the CAJ System generally followed the procedure described below: geological analysis; determination of oil spill area; set-up of oil boom and fence; piling up of gravels and sands; treatment of contaminated soil and sediment using the CAJ System in the presence of flowing tide; removal of floated oils using sorbents; ground leveling. The CAJ System ( Fig. 1 ) is used to generate air bubbles including micro air bubbles which can float spilled oil in the sediment or on the solid surface. Air bubbles could float precipitated oils along with water and sediments (soils). Some volatile gases and non-volatile compounds appeared to be separated and the floated oils were able to be easily removed by absorbing cloths. Air bubbles could float the precipitated oils along with water and sediments (soils) ( Fig. 2A and 2B ). The CAJ System would make the subsequent bioremediation more effective as long as limiting nutrients and other environmental conditions are met.
Soil sampling
Sediment soils for the total petroleum hydrocarbon (TPH) and microbial community analysis were taken following the protocol (ES 07130) from the Official Standard Methods for Contaminated Soils (Ministry of Environment, 2009 ). were: temperature gradient 2 min at 80℃, temperature increase 8℃/min, and 10min at final temperature (320℃); temperatures at inlet and detector were 300℃ and 320℃, respectively; nitrogen gas as a carrier gas; sample injection 1 µl.
Analysis of TPH
Microbial community analysis
Total DNA extraction was made using Fast DNA extraction Kit (Bio101, USA) and PCR-DGGE was conducted for the microbial community analysis following the previous report (Ekpeghere et al., 2009) .
Results and Discussion
Clean-up of the contaminated shorelines using the CAJ System
In the on-site demonstration test, after treating the site with the CAJ System once, TPH was reduced by 26% compared to that before the treatment (control: bt) (Fig. 3) . About 66% of TPH reduction was observed when the contaminated site was treated with the CAJ System 2, 3, 4, and 5 times (a-2, a-3, a-4, and a-5). After treating the site with the CAJ System 2 times, no further decrease of TPH was observed, indicating the TPH removal from the site was quite effective. In case of seawater pumping, however, reduction of TPH was observed about 60% after treating the site once and twice, and the reduction of TPH was about 40% and 25% after treating the site 3 times and 4 times, respectively. This indicates that in the seawater pumping, removal of sorbed oil was not complete resulting in sorbed oil release at more than 2 times of seawater washing. Overall, the seawater pumping showed less oil removal efficiency compared to the CAJ System. Fig. 6 . PCR-DGGE based microbial community analysis of mudflat (field sites) after remediation using the CAJ System; Lanes: 1, 2, Cheonripo down; 3, 4, Cheonripo mix; 5, 6, Guryepo; and 7, 8, Haenyumaeul (pumping as control); all samples were run in duplicate. Fig. 5 . PCR-DGGE based microbial community analysis of mudflat (demonstration site) after remediation using the CAJ System and water pumping system. Lanes: M, marker; 1, 2, 3, 4 and 5, a-1, a-2, a-3, a-4 and a-5; 6, 7, 8, 9 and 10, p-1, p-2, p-3, p-4 and p-5; 11, before treatment; 12, 7 days after air jet treatment; 13, 7 days after water pumping treatment. Treatments with the CAJ System were also examined in other contaminated field sites (Cheonripo down, Cheonripo mix, and Guryepo) with Haenyeomaeul as a control (Water pumping). After the treatment, the concentrations of TPH were about 14% lower in Cheonripo down and Guryepo than Haenyeomaeul (control) but the levels of TPH in Cheonripo-mix were about 7% higher that the control. This indicates TPH treatment effects might be variable depending on the treated sites (Fig. 4) .
Microbial community analysis of the treated sites (demonstration and other field sites)
Microbial community analysis based on PCR-DGGE of the mudflats (demonstration sites) after remediation was shown in Fig. 5 . The community identification analysis results were shown in Table 2 . Although most of these microbial communities have not been identified as oil degraders, most of them have been confirmed to be of sea and sediment origin. Even though the air jet system was supposed to stimulate oil degraders, the identified communities appeared to include little oil degraders. This may indicate that there were oil degrader populations with relatively low density if any. The low density might be due to the low concentration of TPH as a carbon source and limiting nutrients (nitrogen and phosphorus, etc.) and other limiting factors (temperature, etc.). The microbial community profiles of all samples including control (before treatment) appeared to be quite similar except bands 15 and 16 which were uniquely present in the control. The gradual community change was observed over a week period as bands 17 and 18 were unique in the air jet treatment and the bands 19, 20, 21, and 22 in the pumping treatment. The fate of these communities will be contingent upon environmental conditions ahead in the sites (e.g., available sources of substrates such as C, N, and P, and competing microbial communities and grazers). Epsilon proteobacterium (bands 1, 2, 3, and 14) was dominant species Table 2 . Identification of microbial communities based on sequence analysis of 16S DNA amplified from DNA fragments derived from PCR-DGGE (Fig. 5) almost for all the samples that was widely observed in the ocean and terrestrial environments (Campbell et al., 2006) . In the other on-site tests, the levels of TPH after treating with the CAJ System were not generally much lower than the control (water pumping treatment) (Fig. 4) . Microbial community changes were also monitored using PCR-DGGE depending on the different field site treatments. Dominant species in Cheonripo down and Cheonripo mix after treating with the CAJ System were different from dominant species in the control (seawater pumping; Haenyeomaeul). Even in sites treated with the same CAJ System, different microbial communities were shown. Most of these microorganisms were identified as marine bacteria originated from the marine environment (seawater or marine sediment) while the densities of the oil Table 3 . Identification of microbial communities based on sequence analysis of 16S DNA amplified from DNA fragments derived from PCR-DGGE (Fig. 6) degraders seemed to be relatively low. Therefore, distribution of the microbial communities under the current condition having relatively very low oil contamination (less than 160 ppm of TPH) was attributed to differences in environmental characteristics rather than the oil treatment measures. The conclusions were drawn as follows: The compressed air jet technology appeared to be highly effective to remove TPH from soil matrices contaminated with crude oil. The air jet system showed different microbial communities from the conventional water pumping treatment system. However, oil degraders were not observed mainly because of lower amount of oil as a carbon source and depleted nutrients (particularly N and P) in the environment. Mechanisms associated with the removal of oil or contaminants using the air jet system need to
